The adenosine A 2A receptor (A 2A R) is a potential drug target for the treatment of Parkinson's disease and other neurological disorders. In rodents, the therapeutic efficacy of A 2A R modulation is improved by concomitant modulation of the metabotropic glutamate receptor 5 (mGluR5). To elucidate the anatomical substrate(s) through which these therapeutic benefits could be mediated, pre-embedding electron microscopy immunohistochemistry was used to conduct a detailed, quantitative ultrastructural analysis of A 2A R localization in the primate basal ganglia and to assess the degree of A 2A R/mGluR5 colocalization in the striatum. A 2A R immunoreactivity was found at the highest levels in the striatum and external globus pallidus (GPe). However, the monkey, but not the rat, substantia nigra pars reticulata (SNr) also harbored a significant level of neuropil A 2A R immunoreactivity. At the electron microscopic level, striatal A 2A R labeling was most commonly localized in postsynaptic elements (58% 6 3% of labeled elements), whereas, in the GPe and SNr, the labeling was mainly presynaptic (71% 6 5%) or glial (27% 6 6%). In both striatal and pallidal structures, putative inhibitory and excitatory terminals displayed A 2A R immunoreactivity. Striatal A 2A R/mGluR5 colocalization was commonly found; 60-70% of A 2A R-immunoreactive dendrites or spines in the monkey striatum coexpress mGluR5. These findings provide the first detailed account of the ultrastructural localization of A 2A R in the primate basal ganglia and demonstrate that A 2A R and mGluR5 are located to interact functionally in dendrites and spines of striatal neurons. Together, these data foster a deeper understanding of the substrates through which A 2A R could regulate primate basal ganglia function and potentially mediate its therapeutic effects in parkinsonism. J. Comp. Neurol. 520:570-589, 2012. 
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In situ hybridization experiments (Schiffmann et al., 1991b; Dixon et al., 1996; Peterfreund et al., 1996; Svenningsson et al., 1997b Svenningsson et al., , 1998 Kaelin-Lang et al., 2000) , radioligand binding studies (Martinez-Mir et al., 1991; Calon et al., 2004) , and light microscopic (LM) immunohistochemical data (Rosin et al., 1998) have revealed high levels of A 2A R expression in the striatum, nucleus accumbens, external globus pallidus, and olfactory tubercle, with low expression levels elsewhere in the brain. Qualitative electron microscopic (EM) data have indicated *CORRESPONDENCE TO: Yoland Smith, Yerkes National Primate Research Center, Emory University, 954 Gatewood Rd., Atlanta, GA 30329. E-mail: ysmit01@emory.edu that dendrites, spines, and terminals express A 2A R immunoreactivity in the rat striatum (Hettinger et al., 2001) . Furthermore, double in situ hybridization studies (Schiffmann et al., 1991a; Fink et al., 1992; Augood and Emson, 1994; Svenningsson et al., 1998) and double-labeling immunohistochemistry (Quiroz et al., 2009 ) in the rat striatum have shown that A 2A R colocalizes with enkephalin and D2R, but not dopamine D1 receptor, substance P, or somatostatin, indicating a preferential expression of A 2A R in indirect pathway (striatopallidal) medium spiny neurons (MSNs). These findings are also supported by tract-tracing studies showing a lack of A 2A R expression in rat striatonigral neurons (Schiffmann and Vanderhaeghen, 1993) .
In cell culture, A 2A Rs physically interact with D2Rs (Ferre et al., 1997 (Ferre et al., , 1999 (Ferre et al., , 2001 Franco et al., 2000; Hillion et al., 2002; Canals et al., 2003; Ciruela et al., 2004) and the group I metabotropic glutamate receptor 5 (mGluR5; Ferre et al., 1999 Ferre et al., , 2002 Cabello et al., 2009) . In addition to their physical interactions, simultaneous activation of A 2A R and mGluR5 results in synergistic functional effects that can be seen in several downstream biological processes, including decreased affinity of D2R for dopamine (Ferre et al., 1999) , increased striatal c-Fos expression , and increased cyclic adenosine monophosphate (cAMP) formation and striatal dopamine-and cAMP-regulated neuronal phosphoprotein (DARPP-32) phosphorylation (Nishi et al., 2003) . Most importantly, antagonists of A 2A R decrease parkinsonian motor signs in animal models of PD (Grondin et al., 1999; Kanda et al., 2000; Bibbiani et al., 2003; Tanganelli et al., 2004; Pinna et al., 2007; Hodgson et al., 2010) and decrease alcohol self-administration in rodent models of alcoholism (Thorsell et al., 2007) ; two effects that are synergistically potentiated by the concomitant administration of mGluR5 antagonist (Coccurello et al., 2004; Kachroo et al., 2005; Adams et al., 2008) .
Although the exact sites of functional interactions between these two receptors in the central nervous system remain to be determined, both A 2A R and mGluR5 are heavily expressed in dendrites and spines of striatal MSNs, as revealed in single-labeling immuno-EM studies in rats and monkeys (Hettinger et al., 2001; Paquet and Smith, 2003) . However, despite low levels of presynaptic mGluR5 reported in ultrastructural studies of the rat and monkey striatum (Shigemoto et al., 1993; Paquet and Smith, 2003) , synaptosomal fractionation and immunofluorescence techniques have identified a large proportion of putative axon terminals in the rodent striatum (Rodrigues et al., 2005) and hippocampus (Tebano et al., 2005) that coexpress A 2A R and mGluR5.
Thus, to gain a better understanding of the primate adenosinergic system and to characterize potential target sites where A 2A R and mGluR5 antagonists could mediate their synergistic behavioral effects, we have conducted a detailed quantitative study of the ultrastructural localization of A 2A Rs in the basal ganglia and determined the degree of striatal A 2A R/mGluR5 colocalization in rhesus monkeys using single and double immunohistochemistry at the EM level.
MATERIALS AND METHODS Animals and tissue preparation
In total, four adult rhesus monkeys (two males, two females; 8-18 years old) and four adult female SpragueDawley rats were used in this study. All procedures were approved by the animal care and use committee of Emory University and conform to the U.S. National Institutes of Health guidelines. For immunohistochemistry, animals were deeply anesthetized with pentobarbital (100 mg/kg i.v.) and transcardially perfused with cold oxygenated Ringer's solution, followed by a fixative containing 2% paraformaldehyde and 3.75% acrolein in a phosphate buffer (PB) solution. After perfusion, the brains were removed from the skull, coronally sliced into thick ($1 cm) blocks, and postfixed overnight in 2% paraformaldehyde. These thick blocks were then cut into 60-lm-thick coronal sections using a vibrating microtome and stored at À20 C in an antifreeze solution containing 30% ethylene glycol and 30% glycerol in PB. Prior to immunohistochemical (IHC) processing, sections were washed with phosphate-buffered saline (PBS; 0.01 M, pH 7.4), treated with a 1% sodium borohydride solution for 20 minutes, and then washed in PBS again. For Western blot studies, one rat and one monkey were deeply anesthetized with pentobarbital (100 mg/kg i.v.) and killed by decapitation. Brains were rapidly removed from the skull and dissected. Samples were taken from the cerebral cortex, hippocampus, caudate nucleus, putamen (or striatum in rat), cerebellum, and ventral midbrain (containing the substantia nigra) and flash frozen in liquid nitrogen. Frozen samples were stored at À80 C until needed.
Antibody characterization
For the localization of the adenosine A 2A receptor, a commercially available mouse monoclonal antibody (Millipore Corporation, Billerica, MA; catalog 05-717, lot 28777) was used (Table 1) . This antibody was raised against the full-length human adenosine A 2A receptor and was epitope-mapped to the sequence SQPLPGER in the third intracellular loop of the receptor. The specificity of this antibody has been previously characterized via Western blot in rat brain (band at 45 kDa), slot blot, IHC in transfected cells, and antibody preadsorption with IHC in rat brain slices (Rosin et al., 1998) . This antibody does not label tissue from A 2A R knockout mice (Day et al., 2003) . In the present study, Western blots show high specificity of the antibody for A 2A R in monkey tissue (Fig.  1B) . Omission of the primary antibody from IHC processing of our monkey brain tissue resulted in the disappearance of immunostaining. When the primary antibody is preadsorbed with a synthetic peptide matching the epitope described above, there is a significant loss of neuropil staining, providing further evidence for the antibody's specificity in monkeys.
For the localization of mGluR5, an affinity-purified polyclonal rabbit antibody (Millipore; catalog 06-451) raised against a 21-residue synthetic peptide (K-SSPKYDTLIIR-DYTNSSSSL) corresponding to the C-terminal of mGluR5 with a lysine added to the N-terminal was used at a dilution of 1:5,000. The specificity of this antibody has been characterized by immunoblot on homogenate from cells transfected with the receptor and from rat brain areas known to express the receptor (band at 140 kDa; Marino et al., 2001 ). The antibody does not stain brain tissue from mGluR5 knockout mice (Kuwajima et al., 2004) .
Western blots
HEK293T cells (ATCC, Manassas, VA) were maintained in DMEM GlutaMAX (Invitrogen, Carlsbad, CA), supplemented with 10% dialyzed fetal bovine serum (Invitrogen) (Lipofectamine 2000; Invitrogen) . After 24 hours of expression, cells were washed twice with ice-cold PBS supplemented with calcium and harvested in ice-cold harvest buffer containing 50 mM NaCl, 20 mM HEPES, 5 mM EDTA, and one protease inhibitor cocktail tablet (Roche Applied Science, Basel, Switzerland), diluted with dH 2 O to 50 ml, pH 7.4. Cell lysates were snap frozen at À80 C until needed.
To prepare brain tissue homogenates, monkey and rat brain tissue samples were thawed on ice, and each brain region was individually homogenized using a dounce homogenizer for 10 strokes in ice-cold harvest buffer. Prepared tissue homogenates were aliquotted, snap frozen in liquid nitrogen, and stored at À80 C until needed.
After thawing of HEK293T cell lysates and brain tissue homogenates on ice, bicinchoninic acid protein assays (Thermo Scientific) were performed to normalize protein across samples. Samples were then prepared for Western blotting by diluting with 6Â Laemmli sample buffer to a final 1Â concentration, followed by robust sonication on ice. Samples from the HEK293T cell lysates and brain tissue homogenates were loaded onto 4-20% Tris-glycine gels and subjected to SDS-PAGE. Proteins were then transferred to nitrocellulose membranes and visualized with Ponceau stain. Membranes were subjected to Western blotting to probe for the A 2A receptor and to test the specificity of the anti-A 2A R antibody. After blocking for 30 minutes in ''blot buffer'' containing 2% nonfat milk, 50 mM NaCl, 10 mM HEPES, and 0.1% Tween-20 in dH 2 O, membranes were incubated with the anti-A 2A R antibody diluted 1:2,000 in blot buffer for 1 hour at room temperature. After washing in blot buffer, membranes were probed with anti-mouse HRP-conjugated secondary antibody (diluted in blot buffer, 1:4,000) for 30 minutes. Bands were visualized using an enhanced chemiluminescence kit (Thermo Scientific), and membranes were exposed to films for various times. Membranes were then stripped using Restore Buffer (Thermo Scientific) and probed with antiactin (Sigma, St. Louis, MO) to verify equal protein loading.
Single immunoperoxidase labeling for LM
To map the expression pattern of A 2A R immunoreactivity in the monkey brain, 56 coronal brain sections from a single monkey, each separated by 300 lm, were simultaneously immunostained for A 2A R, covering a total brain area that extends from approximately interaural þ28 to þ3 in the rostrocaudal plane according to the Paxinos stereotaxic atlas (Paxinos et al., 2000) . After sodium borohydride treatment, sections were incubated for 1 hour in PBS containing 10% normal horse serum (NHS) for A 2A R localization or normal goat serum (NGS) for mGluR5 localization, 1% bovine serum albumin (BSA), and 0.3% Triton X-100. Then, the sections were incubated in the primary antibody solution containing a 1:2,000 dilution of A 2A R antibody, 1% NHS or NGS, 1% BSA, and 0.3% Triton X-100 in PBS for 24 hours at room temperature. Sections were then rinsed three times in PBS and incubated in the secondary antibody solution containing 1% normal horse or goat serum, 1% BSA, 0.3% Triton X-100, and biotinylated horse anti-mouse or goat anti-rabbit IgGs (Vector Laboratories, Burlingame, CA) at a dilution of 1:200 for 90 minutes at room temperature. After three rinses in PBS, sections were incubated for 90 minutes in the avidin-biotin peroxidase complex (ABC) solution at a dilution of 1:100 (Vectastain standard ABC kit, Vector Laboratories) including 1% BSA and 0.3% Triton X-100. For revelation, sections were first rinsed with PBS and Tris buffer (50 mM, pH 7.6), then incubated in a solution containing 0.025% 3,3 0 -diaminobenzidine tetrahydrochloride (DAB; Sigma), 10 mM imidazole, and 0.005% hydrogen peroxide in Tris buffer for 10 minutes. Finally, sections were rinsed in PBS, mounted onto gelatin-coated slides, dehydrated, and coverslipped with Permount.
Single immunoperoxidase labeling for EM
Sections containing the striatum, external globus pallidus (GPe), or substantia nigra from three monkeys were processed for the EM immunoperoxidase localization of A 2A R. After sodium borohydride treatment, sections were transferred to a cryoprotectant solution containing 25% sucrose and 10% glycerol in PB (0.05 M, pH 7.4) for 20 minutes and then placed in a À80 C freezer for 20 min to permeabilize cell membranes. Brain sections were then thawed through washes in decreasing concentrations of cryoprotectant solution until being placed into PBS. The processing of sections was then identical to that used for LM up to the point of DAB revelation, with two important differences: 1) Triton X-100 was omitted from all solutions, and 2) sections were incubated in the primary antibody (1:1,000 dilution) solution for 48 hours at 4 C.
After DAB revelation, the tissue was rinsed in PB (0.1 M, pH 7.4) and treated with 1% osmium tetroxide for 20 minutes. It was then rinsed with PB and dehydrated with increasing concentrations of ethanol. Uranyl acetate (1%) was added to the 70% EtOH dehydration solution and incubated for 35 minutes to increase the contrast of membranes in the EM. After alcohol dehydration, sections were treated with propylene oxide and embedded in epoxy resin (Durcupan ACM; Fluka, Buchs, Switzerland) for at least 12 hours, mounted onto slides, and placed in a 60 C oven for 48 hours to cure the resin. Small blocks of tissue from the motor putamen, GPe, and substantia nigra pars reticulata (SNr) were cut out from the embedded sections and glued onto resin blocks for ultrathin sectioning with an ultramicrotome (Leica Ultracut T2). Sixty-nanometer-thick sections were collected from the surface of the tissue block to ensure that antibody penetration was optimal in the tissue analyzed in the EM. Sections were mounted on single-slot pioloform-coated copper grids, stained for 5 minutes with lead citrate, and examined on a Zeiss EM-10C transmission electron microscope. Electron micrographs were captured and saved with a CCD camera (DualView 300W; Gatan, Inc., Pleasanton, CA) controlled by DigitalMicrograph software (version 3.11.1; Gatan, Inc.).
Single pre-embedding immunogold labeling for EM Two tissue sections at the level of the striatum from each of the three monkeys were used for the immunogold localization of A 2A R. After having been pretreated with sodium borohydride and cryoprotectant solutions, as detailed above, brain sections were incubated for 30 minutes in PBS containing 5% dry milk and then rinsed in TBS-gelatin (Tris-buffered saline; 0.24% Tris, 0.1% fish gelatin, pH 7.6) buffer. Sections were then exposed to the primary antibody solution containing 1% dry milk and mouse anti-A 2A R primary antibody (1:1,000) in TBS-gelatin buffer for 24 hours at room temperature. After rinsing with TBS-gelatin, sections were exposed to the secondary antibody solution containing 1% dry milk and horse antimouse IgGs conjugated to 1.4-nm-diameter gold particles (Nanoprobes, Yaphank, NY) at a concentration of 1:100 in TBS-gelatin for 2 hours at room temperature. After rinsing with TBS-gelatin and 2% sodium acetate buffer, gold particles were enlarged to 30-50 nm using the silver intensification method (HQ silver kit; Nanoprobes). Then, sections underwent osmification, dehydration, and embedding as detailed above for immunoperoxidase experiments, but with two important differences: 1) exposure to 0.5% osmium tetroxide for 10 minutes instead of 1% for 20 minutes and 2) exposure to 1% uranyl acetate for 10 minutes instead of 35 minutes. Ultrathin sections were then cut and collected as described above.
Dual pre-embedding immunogold/ immunoperoxidase method for striatal colocalization of A 2A R and mGluR5
To determine the degree and pattern of colocalization of A 2A R and mGluR5 in the motor putamen, two sections from each of the three monkeys used for EM studies were processed for the dual localization of mGluR5 and A 2A R immunoreactivity using the preembedding immunogold and immunoperoxidase methods. To assess the extent of colocalization and avoid interpretation problems resulting from the differential sensitivity of the peroxidase-or gold-labeled antibodies for their antigens, two different reactions were performed on separate sets of striatal sections. In the first series of sections, A 2A R was labeled with peroxidase, and mGluR5 was revealed with gold; in the second series of incubations, A 2A R was labeled with gold and mGluR5 with peroxidase.
The incubation procedures and preparation of brain sections for these double-labeling studies were similar to those used for the single pre-embedding immunogold and immunoperoxidase labeling, except that antibody solutions contained a cocktail of two different primary or secondary antibodies. A 2A R primary antibody was used at a dilution of 1:1,000, and mGluR5 primary antibody was used at a dilution of 1:5,000. After secondary antibody incubations, the tissue was processed for silver intensification of gold particles, rinsed with PBS, and then exposed to ABC and DAB as described above for the single immunoperoxidase labeling procedure. After rinsing in PB, sections underwent osmification, dehydration, resin embedding, and ultrathin sectioning as described above.
Analysis of material LM analysis
Brain sections mounted on glass slides were scanned at Â20 using a ScanScope CS scanning LM system (Aperio Technologies, Vista, CA). Digital representations of these slides were saved and analyzed in ImageScope software version 10.0.36.1805 (Aperio Technologies).
EM analysis
In most cases, the ultrathin sections analyzed in the EM were taken from at least two different tissue blocks per structure per animal to increase the sampling of tissue analyzed. From single immunoperoxidase-labeled sections, 100 micrographs per structure per animal of randomly encountered A 2A R-labeled neuronal elements were captured at Â25,000, giving a total of 1,162 lm 2 of tissue analyzed per structure per animal. Fifty micrographs per structure per animal were captured in the same manner for gold-labeled tissue, giving an area of 581 lm 2 analyzed. In double-labeled tissue, 100 micrographs per structure per animal of randomly encountered A 2A R-labeled neuronal elements were captured at Â25,000, irrespective of the presence or absence of mGluR5 labeling in the same element. As a prerequisite to ensure that the double-labeled tissue examined contained optimal immunostaining for both A 2A R and mGluR5, micrographs were taken only from areas in which both the immunoperoxidase and immunogold deposits were visible. Dendrites and terminals were considered immunoreactive in gold-labeled tissue if they contained at least two gold particles, whereas, because of their relatively small surface area, spines and unmyelinated axons were categorized as immunoreactive if they were overlaid with a single gold particle or more. With these selection criteria, the overall proportions of A 2A R-labeled spines and dendrites in the immunogold and immunoperoxidase material were closely related, supporting the reliability of the quantitative data collected across immunoperoxidase and immunogold material. Contrast and sharpness of the micrographs were adjusted to show better the morphological features of labeled elements.
RESULTS

Western blots
To demonstrate further the specificity of the A 2A R antibody, we performed a series of immunoblot experiments probing transfected cell lysates and brain tissue homogenates. Lysates from HEK293T cells transfected with pcDNA3.1 (mock), human adenosine A 1 receptor (A 1 R), or human A 2A R were immunoblotted for detection of A 2A R. Human receptors were used in order to provide further characterization of the antibody for use in immunohistochemistry of primate tissue as well as to confirm adenosine receptor subtype specificity in our hands, as previously reported (Rosin et al., 1998) . Corresponding to the predicted molecular weight of the A 2A R, a prominent band at about 45 kDa was detected only in the lysate expressing A 2A R and not in the cell lysates expressing A 1 R or mock cDNA (Fig. 1A) . The second band in the A 2A R cell lysate, at about 55 kDa, presumably represents glycosylated A 2A R, as suggested by Rosin et al. (1998) . Probing for actin showed equal protein loading from all cell lines. This demonstrates the specificity of the antibody, in agreement with Rosin et al. (1998) .
Western blotting for detection of A 2A R in the monkey cortex, hippocampus, caudate nucleus, putamen, midbrain, and cerebellum provided further evidence for the specificity of this antibody in monkey tissue. Short exposures of these blots revealed specific bands, only in the lanes for the caudate nucleus and putamen, at the expected molecular weight for A 2A R (45 kDa), as well as a lighter minor band at about 37 kDa, which may represent A 2A R proteolytic degradation product, as suggested by Rosin et al. (1998) (Fig. 1B, top) . However, longer exposures of the same blots revealed immunolabeling for A 2A R in all structures sampled, the strongest of which (other than caudate and putamen) was from the ventral midbrain (SNr, Fig. 1B, bottom) . Blots probed with an antiactin antibody demonstrated equal protein loading for all structures.
Immunoperoxidase A 2A R labeling: light microscopy At the LM level, immunoperoxidase labeling resulted in a dark brown deposit, which, in most labeled structures, was associated predominantly with fine neuropil processes. The most strongly labeled structures in the monkey brain were the striatum and GPe (Fig. 2) . Dense, homogeneous labeling invaded the whole extent of the caudate nucleus, putamen, nucleus accumbens, and olfactory tubercle. Dense neuropil labeling in these structures precluded identification of labeled soma.
In the GPe, intense labeling was found in neuropil processes that invaded the whole extent of the structure. The dense immunoreactivity associated with the GPe stood out next to the very low level of labeling in the neighboring GPi (Fig. 2D-F) .
Another basal ganglia nucleus that displayed a significant level of A 2A R immunoreactivity was the SNr (Figs. 2G-I, 3D). Although the SNr is not generally recognized as a major A 2A R-containing structure in rodents, the monkey SNr displayed moderate neuropil immunoreactivity along its whole rostrocaudal extent, which stood out next to the lightly labeled substantia nigra pars compacta (Fig.  2G,H) .
Because previous immunohistochemical studies did not report the SNr as being enriched in A 2A R immunoreactivity in the rat, we performed additional experiments in three rats to assess a possible species difference in the extent of A 2A R immunoreactivity in the SNr between rodents and primates. When run together in the same antibody solutions and processed during the same immunohistochemical reaction, striatal and GPe neuropil in both species displayed strong A 2A R labeling, and significant A 2A R immunoreactivity was evident in the monkey, but not the rat, SNr (Fig. 3) . To confirm this species difference in nigral expression of A 2A R between monkey and rat, a Western blot was run for detection of A 2A R in the monkey and rat striatum and SNr. Although high levels of receptor proteins were detected in both monkey and rat striatal tissue, A 2A R was detected in the monkey, but not the rat, ventral midbrain samples containing the SNr (Fig.  1C) . Also, the doublet of bands seen in monkey tissue representing whole A 2A R and a proteolytic fragment was not evident in the rat striatum, in agreement with previous findings (Rosin et al., 1998) . This may be due to a species difference in A 2A R proteolytic processing or a number of other factors beyond the scope of the present study. Blotting for actin showed equal protein loading from both species.
In addition to basal ganglia nuclei, all layers of the cerebral cortex contained light perikaryal labeling, with relatively denser labeling in the underlying white matter, which appeared to be mostly glial in nature (Fig. 2) . Other (Paxinos et al., 2000) . AC, anterior commissure; CC, corpus collosum; CD, caudate nucleus; CTX, cortex; GPe, external globus pallidus; GPi, internal globus pallidus; Hip, hippocampus; IC, internal capsule; LV, lateral ventricle; NAc, nucleus accumbens; OT, optic tract; PUT, putamen; SN, substantia nigra; Th, thalamus. Scale bar ¼ 5 mm. brain areas that contained lower levels of A 2A R immunoreactivity in the monkey brain included the thalamus, hippocampus, subthalamic nucleus, and claustrum (Fig. 2) . Brainstem regions posterior to the substantia nigra were largely devoid of A 2A R immunoreactivity.
Ultrastructural localization of A 2A R Immunoperoxidase A 2A R labeling Although most of the A 2A R labeling was found in the neuropil of basal ganglia nuclei, LM does not provide a level of resolution high enough to categorize the neuronal and glial elements with which these receptors are associated. To address this issue, we performed a quantitative EM analysis of the distribution of A 2A R immunoreactivity in the monkey basal ganglia (Fig. 4) . A 2A R-immunostained sections from the putamen, GPe, and SNr were examined in the electron microscope. At the EM level, the immunoperoxidase labeling for A 2A R could be identified as a dark, electron-dense, amorphous deposit associated with restricted compartments of neuronal and glial elements. The relative abundance of immunoreactive structures in each of these regions, identified based on specific ultrastructural features (Peters et al., 1991) , was determined and plotted against each other in distribution histograms (Fig. 4E,F) .
Putamen
The A 2A R striatal labeling was localized mainly to postsynaptic elements, including dendritic spines and shafts, which accounted for 58% 6 3% of labeled elements in the putamen. On the other hand, 34% 6 4% of labeled striatal elements were presynaptic in nature, the majority of which were unmyelinated axons, although immunoreactive terminals were also encountered. Seventeen of the thirty-seven labeled terminals identified formed axodendritic symmetric synapses, 10 displayed asymmetric synapses, and the synaptic specialization of the remaining Percentage values refer to the number of specific labeled neuronal or glial elements over the total number of labeled elements examined in that structure (6SEM). Symmetric synapses are marked with arrowheads, and asymmetric synapses are marked with chevrons. Scale bar ¼ 0.5 lm. preserved well enough to be categorized as symmetric or asymmetric. Among the 10 A 2A R-labeled terminals forming asymmetric synapses, eight were in contact with spines, whereas the other two formed synapses with dendritic shafts. Labeled glial processes were rare in the striatum (7% 6 3% of labeled elements) but represented a larger proportion of labeled elements in other structures examined (Fig. 4E,F) .
GPe
In the GPe, the bulk of labeling was expressed presynaptically (71% 6 5% of labeled elements), largely in unmyelinated axons, with more modest labeling of axon terminals forming either symmetric (47 of 76 labeled terminals) or asymmetric (six of 76) synapses. The scarcity of labeled postsynaptic elements (2% 6 1%) indicates that A 2A R immunoreactivity in the GPe is confined largely to afferent axons and terminals. On the other hand, immunoreactive glial processes were commonly found in the GPe (27% 6 6% of labeled elements). The glial immunoreactivity was associated either with large-diameter processes of fibrous astrocytes (Fig. 4D) or with thinner glial processes in close contact with neuronal elements.
SNr
As in the GPe, A 2A R labeling in the SNr was composed primarily of presynaptic elements (48% 6 4% of labeled elements), with scarce postsynaptic immunoreactivity (6% 6 5% of labeled elements). Labeled terminals in the SNr formed predominantly axodendritic symmetric synapses (17 of 33 labeled terminals). The remaining boutons either formed asymmetric synapses (four of 33 labeled terminals) or did not establish clear synaptic junctions in the plane of section that was examined. The SNr contained a larger proportion of labeled glial elements (46% 6 2% of labeled elements) than other basal ganglia nuclei.
Immunogold A 2A R labeling
To characterize further the potential subsynaptic sites of action where adenosine could mediate its effects through A 2A R activation in the striatopallidal complex, the immunogold method was used to provide a more accurate description of the subcellular and subsynaptic localization of A 2A R in the postcommissural putamen and GPe (Fig. 5) . The gold labeling in neuronal elements was divided into two major categories: intracellular or plasma membrane bound. The membrane-bound gold particles were further divided into three subcategories: synaptic (within or directly apposed to the synaptic active zone), perisynaptic (<20 nm outside of active zone), or extrasynaptic (>20 nm from the synapse). In both the putamen and GPe, 75-85% of A 2A R-associated gold particles were found in the intracellular compartment (Fig. 5F ). The difference between intracellular and membrane-bound gold particles was statistically significant in both structures (ttest, P < 0.05). There was no statistical difference in the pattern of labeling (intracellular vs. membrane bound) between the two structures (t-test, P ¼ 0.355). Among membrane-bound gold particles, only 2.6% in the putamen and 1.5% in the GPe were found at synaptic and perisynaptic sites; the bulk of labeling was extrasynaptic in both nuclei. Glial gold labeling was not included in this analysis.
A 2A R/mGluR5 colocalization
Because A 2A R and mGluR5 have been shown to interact physically in the rat striatum, we performed doublelabeling EM colocalization experiments in the monkey putamen to identify the subcellular compartments where these interactions could potentially occur in primates. The degree of colocalization of A 2A R and mGluR5 in the putamen was substantial, especially in postsynaptic elements (Fig. 6 ). When A 2A R was labeled with peroxidase and mGluR5 with gold, 68% 6 5% of A 2A R-containing spines and 60% 6 2% of dendrites also contained mGluR5 (N ¼ 717 A 2A R-immunoreactive elements). When A 2A R was labeled with gold and mGluR5 with peroxidase, 73% 6 2% of A 2A R-containing spines and 62% 6 1% of dendrites also contained mGluR5 (N ¼ 904 A 2A R-immunoreactive elements). Colocalization in presynaptic elements was much less frequent; only 5-15% of A 2A R-containing axons and terminals also contained mGluR5, likely because mGluR5 is rarely found in presynaptic elements in the striatum (Paquet and Smith, 2003; Mitrano and Smith, 2007) . Only 2-6% of all double-labeled elements observed were presynaptic in nature. There was no significant difference in the degree of colocalization in any type of element when A 2A R was labeled with peroxidase vs. gold (t-test, P > 0.05), which validates the reliability of our double-labeling method.
DISCUSSION
Our results provide the first detailed quantitative assessment of the ultrastructural localization of A 2A R in the primate basal ganglia and its degree of subcellular colocalization with mGluR5 in the striatum. In addition to its well-recognized association with indirect striatofugal GABAergic neurons, our data reveal that A 2A Rs are also located to subserve presynaptic modulation of glutamatergic afferents to the striatum and GPe in nonhuman primates. In contrast to the case in rodents, a significant level of presynaptic A 2A R immunoreactivity was found in putative GABAergic terminals in the monkey SNr, thereby . A 2A R/mGluR5 double labeling in the motor putamen. Electron micrographs of A 2A R/mGluR5 double-labeled neuronal elements in the monkey putamen (A-E) and quantification of colocalization (F). A-E: Examples of spines (s) and dendrites (d) colabeled for both A 2A R and mGluR5 in the putamen. In each panel, arrows point to peroxidase deposits, arrowheads indicate immunogold labeling, and chevrons mark asymmetric synapses. In A and B, the immunoperoxidase deposit indicates A 2A R immunoreactivity, whereas mGluR5 is labeled with gold particles. In C-E, the reaction was reversed, i.e., peroxidase is used to localize mGluR5, whereas A 2A R is labeled with gold. A spine (s2) and dendrite (d2) single labeled for mGluR5 are also visible in D and E, respectively. F: Quantification of the percentage of A 2A R-labeled neuronal elements that also express mGluR5 immunoreactivity in the motor putamen. Black bars represent the percentages of A 2A R-immunoreactive elements that coexpress mGluR5 immunoreactivity in tissue dually stained for A 2A R with peroxidase and mGluR5 with gold; gray bars represent the same quantitative assessment of colocalization in tissue double immunostained for A 2A R with gold and mGluR5 with peroxidase. There was no statistical difference in the extent of colocalization between these two staining methods. Scale bar ¼ 0.5 lm.
raising the possibility that adenosine might inrfluence basal ganglia outflow, not only through the indirect modulation of GPe or striatal activity but also via A 2A R-mediated regulation of GABAergic transmission in the primate SNr. Furthermore, the extensive degree of A 2A R and mGluR5 colocalization at the level of striatal spines and dendrites described here suggests that functional interactions between these two receptors most likely occur postsynaptically in the primate striatum, a situation different from the presynaptic interactions recently proposed for rodents on the basis of in vitro data (Rodrigues et al., 2005) . In addition to a strong neuronal expression, A 2A Rs were also found to be significantly enriched in glial cells throughout the monkey basal ganglia, most particularly in the SNr, providing another substrate through which adenosine can mediate its effects on basal ganglia activity in the normal and diseased state.
A 2A R: a marker of indirect striatopallidal neurons in primates and nonprimates
Previous studies have shown that A 2A R mRNA and protein in the rodent and primate striatum colocalize with markers of indirect but not direct pathway MSNs (Schiffmann et al., 1991a; Fink et al., 1992; Augood and Emson, 1994; Svenningsson et al., 1997b Svenningsson et al., , 1998 Quiroz et al., 2009 ). This selective expression makes A 2A R a highly specific marker of indirect striatopallidal neurons in primates and nonprimates.
In line with these data, high levels of A 2A R immunoreactivity were found in the monkey striatum and GPe, with very little labeling in the GPi. In agreement with previous rodent data (Hettinger et al., 2001) , the majority of striatal A 2A R immunoreactivity was located in postsynaptic structures in the monkey striatum, most likely belonging to indirect striatofugal neurons. When considered in conjunction with our findings that almost all neuronal A 2A R immunoreactivity in the GPe was located in presynaptic elements and that 47 of 53 classifiable A 2A R-labeled terminals in the GPe were putatively GABAergic and morphologically resembled striatal-like boutons, our data provide further evidence for strong A 2A R expression in striatopallidal MSNs in nonhuman primates.
In the striatum, the preferential expression of A 2A R in dendrites and spines suggests the possibility of postsynaptic A 2A R-mediated effects on striatal projection neurons. However, many of the known effects of A 2A R in striatal MSNs occur through modulation of other receptors with which A 2A R interacts, such as dopamine D2 receptors, mGluR5, and CB1 receptors (Stromberg et al., 2000; Domenici et al., 2004; Ferre et al., 2007a; Tozzi et al., 2011) . For example, although A 2A R activation alone has no effect on the membrane potential of MSNs in rat striatal brain slices, it can block the ability of a D2 receptor agonist to suppress NMDA-induced down-state to upstate transitions (Azdad et al., 2009 ). Additionally, postsynaptic A 2A R activation negatively modulates NMDA receptor postsynaptic currents in rat striatal slices (Norenberg et al., 1997 (Norenberg et al., , 1998 Wirkner et al., 2000; Gerevich et al., 2002; Wirkner et al., 2004) . Although direct electrophysiological effects of postsynaptic A 2A Rs on MSNs have been rarely reported, the ability of these receptors to regulate biochemical indicators of MSN function, such as cAMP formation, phosphorylation of DARPP-32, and 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid receptor and L-type calcium channel function is well documented from in vitro and rodent studies (Schiffmann et al., 2007) . However, little is known about A 2A R function in the primate striatum.
The significant level of presynaptic A 2A Rs in striatal-like terminals in the monkey GPe is suggestive of modulatory sites of action that could regulate striatopallidal GABAergic transmission. Patch-clamp recording data from rat brain slices have, indeed, shown that A 2A R agonist presynaptically enhances the amplitude of striatal-evoked IPSCs in GP neurons (Shindou et al., 2001) . In line with these in vitro data, local infusions of A 2A R agonist into the striatum or GP of unlesioned rats led to increased GABA concentrations in the GP, and systemic administration of A 2A R antagonist reduced extracellular GABA levels in the GP of 6-hydroxydopamine (6-OHDA)-lesioned rats (Ochi et al., 2000) . In vivo intrapallidal delivery of A 2A R antagonist can also block the decrease in GP neuron firing rate induced by striatal stimulation in rats (Querejeta et al., 2010) . Together, these findings demonstrate that A 2A R subserves key regulatory functions of GABAergic transmission along the striatopallidal indirect pathway in rodents. Our EM data, combined with previous LM studies in monkeys (Svenningsson et al., 1998) and humans (Schiffmann et al., 1991b; Svenningsson et al., 1997a; Kaelin-Lang et al., 2000; Calon et al., 2004) demonstrate that these receptors are located to subserve similar functions at striatopallidal synapses in primates.
However, the expression of A 2A R immunoreactivity in putative glutamatergic terminals in the monkey GPe suggests that the influence of adenosine-mediated effects through these receptors may go beyond the striatopallidal GABAergic system. Because there is no further evidence that A 2A R activation modulates glutamatergic transmission in the GP, functional studies directly addressing this issue are warranted to understand better the complex and various mechanisms by which A 2A Rs modulate basal ganglia activity in normal and disease states.
A 2A R expression in striatal terminals
In addition to a significant postsynaptic expression, A 2A R immunoreactivity was also found frequently to be associated with both putative glutamatergic and GABAergic terminals as well as a large number of unmyelinated axons in the monkey putamen. Labeled myelinated axons were much less common but were present in the striatum (Fig. 5E ). This pattern is reminiscent of what has been described in the rat striatum, except for the axonal labeling, which was not as prominent in rodents (Hettinger et al., 2001) . A 2A receptors have, indeed, been found to modulate presynaptically both excitatory and inhibitory transmission in the rodent striatum. For instance, local infusion of A 2A R agonist into the rat striatum greatly increases extracellular glutamate levels (Popoli et al., 1995) , whereas infusion of an A 2A R antagonist attenuates the increase in striatal glutamate levels induced by cortical stimulation in mice (Quiroz et al., 2009) . In line with these data, A 2A R agonist increased, and A 2A R antagonist decreased, the amplitude of EPSCs in mouse striatal slices through presynaptic regulation of cortical glutamatergic inputs (Quiroz et al., 2009) . It is noteworthy that A 2A Rmediated regulation of glutamatergic transmission might not only affect cortical afferents but also modulate thalamic inputs Raju et al., 2006) . The fact that some of the A 2A R-labeled terminals formed asymmetric axodendritic synapses is, indeed, suggestive that a subset of thalamostriatal afferents from the caudal intralaminar thalamic nuclei expresses presynaptic A 2A Rs . Furthermore, we found that the monkey thalamus contains low to moderate levels of perikaryal A 2A R labeling, in agreement with previous evidence for A 2A R expression in the rodent and primate thalamus (Dixon et al., 1996; Svenningsson et al., 1997a; Rosin et al., 1998; Mishina et al., 2007) .
In line with previous rodent studies (Hettinger et al., 2001) , a subset of A 2A R-positive terminals in the monkey striatum displayed the ultrastructural features of intrinsic GABAergic terminals, which most likely originate from axon collaterals of indirect pathway GABAergic striatal projection neurons. However, the A 2A R-mediated regulation of GABAergic transmission in the striatum appears to be more complex than mere presynaptic effects and may involve coupling of the receptor to G-protiens other than G s (Kirk and Richardson, 1995; Gubitz et al., 1996; Ravyn and Bostwick, 2006) .
A 2A R expression in the SNr
One of the interesting findings of our study was the evidence for significant expression of A 2A R immunoreactivity in the monkey SNr, which in rodents is not a major site of A 2A R mRNA or protein expression (Schiffmann et al., 1991a; Fink et al., 1992; Dixon et al., 1996; Rosin et al., 1998; Kaelin-Lang et al., 2000; Hettinger et al., 2001) . On the other hand, previous studies have reported significant levels of A 2A R ligand binding in the human SN using PET or autoradiography detection methods (Svenningsson et al., 1997a; Mishina et al., 2007) .
At the ultrastructural level, the A 2A R labeling in the monkey SNr was split almost equally between presynaptic (unmyelinated axons/terminals) and glial elements, with very little postsynaptic expression, indicating predominant presynaptic or glial regulatory functions of basal ganglia output neurons. It is known that some striatopallidal axons send collaterals to the SNr (Parent et al., 1995) , and most of the identifiable synapses formed by the A 2A R-positive SNr boutons in our analyses were of the symmetric type, so these data strongly suggest that much of the presynaptic labeling in the monkey SNr is accounted for by GABAergic axon collaterals of indirect pathway neurons. Given that the GPi is almost completely devoid of A 2A R immunoreactivity in monkeys, these findings suggest that GABAergic axon collaterals of indirect striatopallidal neurons in the SNr might differ phenotypically from those in the GPi, thereby providing a substrate for specific A 2A R-mediated regulation of striatal GABAergic inputs to the SNr. However, because a small number of labeled terminals in the SNr displayed features of glutamatergic boutons, A 2A R-mediated regulation of excitatory transmission in the SNr cannot be ruled out.
A 2A R in glia
Our findings provide further evidence that A 2A Rs mediate some of their physiological effects in the central nervous system through glial cells, a hypothesis that has been put forward in previous articles based largely on in vitro and in vivo data showing that adenosine and A 2A R antagonists modulate astrocyte reactivity (Hindley et al., 1994; Brambilla et al., 2003; Dare et al., 2007) as well as glial glutamate release and uptake (Nishizaki et al., 2002) . In monkeys, the basal ganglia nucleus most enriched in glial A 2A R expression was the SNr, although the striatum and GP also contained a significant number of A 2A R-positive glial processes. Glial A 2A Rs were also strongly expressed in the external capsule and subcortical white matter of rhesus monkeys. It is noteworthy that the relative prevalence of A 2A R in glia appears to be higher in monkey than in rodent basal ganglia (Hettinger et al., 2001) . Whether this represents a genuine species difference in A 2A R expression indicating a more active role of glial A 2A R in primates than nonprimates remains to be determined.
At the EM level, essentially all labeled large-diameter glial processes belonged to fibrous astrocytes, as can be determined by their content of densely packed intermediate filaments (Fig. 4D) . However, many finer labeled glial processes were identified, which could belong to other glial cell types. A 2A Rs are considered important regulators of microglial reactivity and proliferation toward sites of brain injury or degeneration, thereby suggesting an additional role in neuroinflammation, brain repair, and cell death (Gebicke-Haerter et al., 1996) . Because, we did not use specific markers of astrocytes or microglia in this study, our findings cannot confirm or reject evidence for microglial A 2A R immunoreactivity in the basal ganglia of normal monkeys. However, the outcome may be different in animal models of basal ganglia disorders and in humans affected with chronic neurodegenerative diseases such as PD, insofar as microglia have been shown to upregulate A 2A R expression when activated in an animal model of neuroinflammation (Orr et al., 2009 ).
Intracellular and extrasynaptic localization of A 2A R in the striatum
Our immunogold data indicate that the majority (75-85%) of A 2A R labeling in the striatum and GPe is located in the intracellular compartment of pre-or postsynaptic immunoreactive elements. This could be indicative of a high level of turnover of A 2A receptors at the cell membrane. Alternatively, in vitro reports on neuronal and nonneuronal cultures suggest that intracellular A 2A Rs could be latent in storage awaiting certain conditions under which they could be mobilized to the plasma membrane, thereby increasing the neuron's sensitivity to extracellular adenosine (Milojevic et al., 2006) . It has also been found that A 2A Rs, like many G-protein-coupled receptors, internalize in response to agonist administration (Brand et al., 2008) , suggesting that some of this intracellular labeling may be the result of an abnormal increase in the extracellular concentration of adenosine under hypoxic conditions at the time of perfusion (Hagberg et al., 1987) , followed by activation and internalization of receptors. However, in vitro data argue against this hypothesis by showing that A 2A Rs mobilize to the plasma membrane under anoxic conditions (Arslan et al., 2002) . It is unclear which of these processes would prevail in vivo.
Yet another possibility is that intracellular A 2A Rs have a function inside the cell. This is still a topic of great controversy, but a growing body of evidence suggests that intracellular G-protein-coupled receptors may have functional signaling roles at multiple intracellular sites, including the Golgi apparatus, endoplasmic reticulum, and cell nucleus (Boivin et al., 2008) . Although intracellular functions of A 2A Rs have not been reported, it is worth noting that mGluR5, with which A 2A R interacts (Ferre et al., 1999 , is often localized on the nuclear membrane, through which it regulates nuclear calcium levels (O'Malley et al., 2003) .
Among the plasma membrane-bound A 2A R-associated gold particles, most (97-98%) were found at extrasynaptic sites, which is a common feature for many G-proteincoupled receptors (Galvan et al., 2006) . These extrasynaptic A 2A receptors most likely are activated only during high levels of neuronal metabolic activity when largescale ATP hydrolysis leads to grossly increased extracellular adenosine levels across entire nuclei (Nordstrom et al., 1977) , via bidirectional nonconcentrating nucleoside transporters (Geiger and Fyda, 1991) . Astrocytes represent another likely source of adenosine for these extrasynaptic receptors, in that they can release both adenosine and ATP (which is rapidly converted to adenosine; Dunwiddie et al., 1997) via facilitated transport or a calcium-dependent vesicular mechanism, in response to hypoxia or chemical signals (Cunha, 2001; Martin et al., 2007; Parpura and Zorec, 2010) . Extracellular adenosine levels in the striatum are in the low to middle nanomolar range under basal conditions (Ballarin et al., 1991) , which is enough to produce a low tone of A 2A R activation (the EC 50 of adenosine at A 2A R is $700 nm; Dunwiddie and Diao, 1994; Fredholm et al., 2001 ). Under hypoxic conditions, striatal adenosine levels can increase into the micromolar range (Hagberg et al., 1987) , probably activating most A 2A Rs. Although they were rare (2-3%), we did find some preand postsynaptic A 2A receptors at synaptic and perisynaptic sites in the monkey striatum, which is in agreement with previous rodent data (Ciruela et al., 2006) . These A 2A receptors most likely respond to synaptically released adenosine or ATP, which are coreleased with other neurotransmitters (Cunha and Ribeiro, 2000; Latini and Pedata, 2001) , even during lower levels of synaptic activity.
Postsynaptic colocalization of A 2A R and mGluR5 in striatal neurons: potential sites of functional interactions As mentioned above, A 2A R and mGluR5 physically interact and display a functional synergy whereby simultaneous activation or inhibition of both receptors produces greater effects than the sum of the modulation of each receptor alone (Ferre et al., 1999 . This functional synergy is relevant to several biological phenomena and possibly therapeutic benefits of A 2A R antagonists in movement disorders and other brain disorders (Coccurello et al., 2004; Kachroo et al., 2005; Adams et al., 2008) . For instance, in the hippocampus, where A 2A R and mGluR5 colocalize at individual glutamatergic synapses, the synergistic effects of both receptor agonists on their targets potentiate NMDA receptor activity more strongly than individual receptor activation, suggesting a possible role for A 2A R/mGluR5 functional interactions in learning and memory (Tebano et al., 2005) .
There is also evidence from in vitro data supporting functional A 2A R/mGluR5 interactions in the rat striatum (Ferre et al., 1999 Nishi et al., 2003) . However, in contrast to our findings that support a high level of A 2A R/ mGluR5 coexpression only in postsynaptic elements in the monkey striatum, other in vitro data have indicated that as much as 50% of striatal terminals coexpress mGluR5 and A 2A R immunoreactivity in isolated striatal nerve terminal preparations (Rodrigues et al., 2005) . These findings were corroborated in functional studies showing that agonists for A 2A R and mGluR5 synergistically interact to enhance K þ -induced glutamate release from rat synaptosomal preparations. However, these data are at odds with ultrastructural data indicating that striatal mGluR5 immunoreactivity is largely localized postsynaptically in rats (Shigemoto et al., 1993) . Similarly, the ultrastructural localization of A 2A R and mGluR5 described in the present study and our previous reports in the monkey striatum showing little evidence for presynaptic mGluR5 (Paquet and Smith, 2003; Mitrano and Smith, 2007) strongly suggest that the main target sites for functional interactions between these receptor subtypes are the spines and dendrites of striatal projection neurons. It is possible that the presynaptic synaptosomal membrane fractions prepared by Rodrigues et al. (2005) also included postsynaptic material containing mGluR5, leading to an overestimation of the prevalence of presynaptic mGluR5 immunoreactivity. Alternatively, the disparity could be due to a shift from a significant presynaptic mGluR5 expression in young animals (2-3 weeks old) to an almost exclusive postsynaptic localization in adults (Hubert and Smith, 2004) . Whether the discrepancies rely on technical differences remains unknown, but we cannot rule out the possibility that the small amount of presynaptic mGluR5 in the adult striatum is functionally relevant, suggesting that striatal and pallidal axon terminals may be another potential site for A 2A R/mGluR5 interactions. Although we did find presynaptic colocalization of the two receptors in the monkey putamen, it was rare, accounting for only 2-6% of striatal double-labeled elements.
It is worth noting that the pattern of striatal A 2A R immunogold labeling (mainly postsynaptic, largely intracellular, with a smaller membrane-bound component composed mostly of extrasynaptic receptors) is very similar to the pattern of striatal mGluR5 immunogold labeling previously described for the monkey striatum (Paquet and Smith, 2003) . The neuronal signaling via these large pools of extrasynaptic receptors could become very important during periods of high neuronal activity, such as in the parkinsonian state, when corticostriatal glutamatergic transmission is abnormally overactive (Calabresi et al., 1993) . With large-scale breakdown of ATP and overflow of synaptic glutamate, these two groups of extrasynaptic receptors might be simultaneously activated and synergistically interact to increase greatly the excitability of indirect pathway MSNs. This scenario suggests a potential role for A 2A R/mGluR5 interactions in PD pathophysiology.
Therapeutic relevance of A 2A R/mGluR5 antagonists in PD Antagonists at A 2A R and mGluR5 both decrease motor deficits in experimental rodent models of parkinsonism (Breysse et al., 2002 (Breysse et al., , 2003 Ossowska et al., 2002 Ossowska et al., , 2005 Ossowska et al., , 2007 Tanganelli et al., 2004; Pinna et al., 2007) . When given together, A 2A R and mGluR5 antagonists produce a synergistic improvement in locomotion of reserpinized mice (Kachroo et al., 2005) and in the performance of a reaction time task in 6-OHDA-treated rats (Coccurello et al., 2004) . Despite some success in preclinical studies (Grondin et al., 1999; Kanda et al., 2000; Bibbiani et al., 2003) , the administration of the A 2A R antagonist istradefylline (also known as KW-6002), alone or in combination with levodopa, has had limited success in alleviating parkinsonian symptoms in PD patients (Bara-Jimenez et al., 2003; Hauser et al., 2003; Fernandez et al., 2010) , although the antagonist appeared to be safe and well-tolerated in humans. Based on the rodent behavioral data and our findings suggesting potential sites for A 2A R/ mGluR5 interactions in the primate striatum, it appears reasonable to suggest that the combination of A 2A R and mGluR5 antagonists might be a relevant nondopaminergic approach to PD pharmacotherapeutics with improved efficacy.
Another strong interest for mGluR5 therapeutics in Parkinson's disease relates to the significant effect that these drugs have on the development and progression of L-DOPA-induced dyskinesias (Johnston et al., 2010; Morin et al., 2010) . A 2A R antagonists also have antidyskinetic properties, at least in animal models , although the preclinical data have not led to conclusive evidence for antidyskinetic effects in PD patients (Bara-Jimenez et al., 2003; Hauser et al., 2008; LeWitt et al., 2008; Stacy et al., 2008) . In addition to their potential to treat the motor symptoms of PD, A 2A R and mGluR5 antagonists have neuroprotective effects against degeneration of midbrain dopaminergic neurons in toxin-based models of PD (Chen et al., 2001; Battaglia et al., 2004; Aguirre et al., 2005; Bove et al., 2005; Pierri et al., 2005; Masilamoni et al., 2009 Masilamoni et al., , 2011 Nobre et al., 2010) .
Together these findings highlight the exciting possibility that A 2A R/mGluR5 combination therapy might be used at various stages of the disease to treat multiple aspects of PD symptoms and pathology. The antiparkinsonian, antidyskinetic, and neuroprotective benefits of A 2A R/mGluR5 combination therapy have never been tested in primates. With future research in these areas, it might be possible to take advantage of the synergy between these two receptors to improve PD pharmacotherapeutics greatly.
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